c Streptogramin antibiotics are divided into types A and B, which in combination can act synergistically. We compared the molecular interactions of the streptogramin combinations Synercid (type A, dalfopristin; type B, quinupristin) and NXL 103 (type A, flopristin; type B, linopristin) with the Escherichia coli 70S ribosome by X-ray crystallography. We further analyzed the activity of the streptogramin components individually and in combination. The streptogramin A and B components in Synercid and NXL 103 exhibit synergistic antimicrobial activity against certain pathogenic bacteria. However, in transcription-coupled translation assays, only combinations that include dalfopristin, the streptogramin A component of Synercid, show synergy. Notably, the diethylaminoethylsulfonyl group in dalfopristin reduces its activity but is the basis for synergy in transcription-coupled translation assays before its rapid hydrolysis from the depsipeptide core. Replacement of the diethylaminoethylsulfonyl group in dalfopristin by a nonhydrolyzable group may therefore be beneficial for synergy. The absence of general streptogramin synergy in transcription-coupled translation assays suggests that the synergistic antimicrobial activity of streptogramins can occur independently of the effects of streptogramin on translation.
B
acterial infections caused by antibiotic-resistant clinical isolates are an emerging medical threat. Based on conservative assumptions made by the Centers for Disease Control and Prevention (CDC), at least two million people acquire life-threatening infections caused by antibiotic-resistant bacterial strains in the United States every year, resulting in 23,000 deaths. Despite the constant need for new antibiotics, the number of new antibiotics approved by the FDA has significantly decreased over the last decade (1, 2) . Antibiotics that target the bacterial ribosome specifically interfere with key processes of protein synthesis, such as mRNA decoding and peptide bond formation (3) . The streptogramin antibiotics produced by some Streptomyces strains inhibit protein synthesis by interfering with peptide bond formation and by blocking the peptide exit tunnel in the large (50S) ribosomal subunit, which prevents the extension of the polypeptide chain (Fig. 1A) . Streptogramin antibiotics are depsipeptides consisting of two chemically distinct types, a smaller type A and a larger type B. Streptogramin antibiotics have been used as growth promoters in food-producing animals for Ͼ50 years (4) but only began to be used to treat human infections with the approval of dalfopristinquinupristin (Synercid), an injectable pair of streptogramin antibiotics (5), in 1999.
To counteract the spread of methicillin-resistant Staphylococcus aureus (MRSA) in hospitals in the 1990s, Synercid was developed as a 70:30 (wt/wt) mixture of dalfopristin to quinupristin. Synercid was approved in 1999 for the treatment of life-threatening infections caused by vancomycin-resistant Enterococcus faecium (VREF) and complicated skin and skin structure infections (cSSSIs) caused by S. aureus or Streptococcus pyogenes and is currently the only clinically used streptogramin antibiotic. To overcome venous irritation caused by Synercid, and in order to reduce health care costs, a new and orally available streptogramin combination, flopristin-linopristin (NXL 103), a 70:30 (wt/wt) mixture of flopristin to linopristin, has been developed for use in the outpatient setting. NXL 103 has been shown to be more effective than Synercid in treating a large number of Gram-positive bacteria and their clinical isolates (6) (7) (8) (9) and also has the potential to become an important drug in the treatment of community-acquired pneumonia and complex skin and soft tissue infections, including MRSA (10) .
Both the streptogramin type A (dalfopristin and flopristin) and type B components (quinupristin and linopristin) differ between Synercid and NXL 103. The streptogramin A components dalfopristin of Synercid and flopristin of NXL 103 differ by a carbonyl oxygen at position 15 in dalfopristin, which is replaced by a fluorine in flopristin. Furthermore, dalfopristin is derivatized on its pyrrolidine group with a diethylaminoethylsulfonyl group (Fig.  1B) . Rapid hydrolysis of the diethylaminoethylsulfonyl group at a physiological pH converts dalfopristin to virginiamycin M (11) . In vitro studies have shown that the streptogramin A flopristin in NXL 103 has higher antimicrobial activity than that of its counterpart in Synercid, dalfopristin, suggesting that the increased activity of NXL 103 is mainly due to flopristin (6, 7) . The streptogramin B component quinupristin of Synercid carries a quinuclidinylthiomethyl group compared to a methylmorpholine group in linopristin of NXL 103 (Fig. 1B) . Both quinupristin and linopristin are derived from virginiamycin S, which is not functionalized at its oxopiperidinyl group.
Streptogramins A and B must be used in combination, due to the fact that the individual streptogramin components exert a bacteriostatic effect, whereas their combination is bactericidal (12) .
Streptogramin A and B antibiotics act synergistically in vitro and in animal models of infection (13) (14) (15) . Synergy between two antibiotics may be advantageous because it reduces the likelihood of bacterially acquired resistance mutations at their binding sites. Furthermore, in order to achieve a given bactericidal effect, smaller doses of the individual compounds are required, reducing potential side effects caused by the toxicity of the components. As opposed to experiments in vivo and in vitro, synergy has not been studied extensively in transcription-coupled translation (TT) assays with natural mRNAs. In cell-free translation assays using poly(U)-directed polyphenylalanine synthesis, streptogramin A compounds showed activity, whereas streptogramin B compounds were inactive. However, streptogramin B antibiotics were active in inhibiting the translation of poly(A·C) synthetic messages (16) (17) (18) . In cell-free translation studies using cell extracts of the Gram-positive bacterium Bacillus subtilis infected with phage 2C, translation inhibition by a combination of virginiamycin M plus virginiamycin S was higher than the sum of the inhibitory effects of the individual virginiamycin components (19) . Furthermore, in different studies, the binding affinity of streptogramin B was shown to increase in the presence of streptogramin A compared to the binding affinity of streptogramin B alone (20, 21) . However, these measurements were performed on purified ribosomes, which may not reflect the properties of actively translating ribosomes in intact cells or in transcription-coupled translation systems. The crystal structures of virginiamycin antibiotics that are bound to the large ribosomal subunit of the extreme halophilic archaeon Haloarcula marismortui and of Synercid to the extremophile Deinococcus radiodurans (22) (23) (24) reveal that nucleotide A2062 in 23S rRNA, which is present in the binding pocket of both streptogramins, changes conformation upon streptogramin A binding only, which may explain the increased affinity for streptogramin B in the presence of streptogramin A.
Here, we report the crystal structures of Synercid and NXL 103, as well as their individual components bound to the intact Escherichia coli 70S ribosome, which is more closely related to the ribosomes of pathogenic bacteria. Furthermore, we comprehensively tested the activities of individual streptogramin components in biochemical and microbiological assays and the synergy between the streptogramin A and B components. Antimicrobial assays were used to determine the MICs of individual streptogramin antibiotics, and "checkerboard" assays (25) were used to quantify the synergistic effects between the streptogramin A and B components. We also measured the activities of the individual streptogramin components and their combinations on protein synthesis in transcription-coupled translation extracts. Finally, we measured the affinity of streptogramin B to purified intact E. coli ribosomes either alone or in the presence of streptogramin A in order to investigate the synergistic effect at the molecular level.
MATERIALS AND METHODS
Ribosome purification, ribosome crystallization, and antibiotic binding experiments. Ribosomes were purified from E. coli strain MRE600 cells as described previously (26) . Crystals were grown from purified ribosomes as described previously (27) . For antibiotic soaking experiments, ribosome crystals were soaked overnight in cryoprotection buffer supplemented with either premixed Synercid (348 M dalfopristin plus 101 M quinupristin), NXL 103 (120 M flopristin plus 70 M linopristin), or with individual components (dalfopristin, quinupristin, flopristin, or linopristin) at a concentration of 100 M. All components were dissolved in dimethyl sulfoxide (DMSO) to a concentration of ϳ100 mM, except for premixed Synercid, which was dissolved in DMSO to a concentration of 348 mM dalfopristin and 101 mM quinupristin. The DMSO stocks were diluted 1,000-fold in cryoprotection buffer for the soaking experiments, and the crystals were flash-frozen in liquid nitrogen for the diffraction experiments. The premixed Synercid (30% quinupristin and 70% dalfopristin [wt/wt]) was a generous gift from Pfizer, flopristin and linopristin were provided by AstraZeneca, and dalfopristin and quinupristin were purchased from International Laboratory USA. Virginiamycin M1 was purchased from Sigma-Aldrich.
X-ray diffraction experiments and model building. The X-ray diffraction data were measured at beamlines 8.3.1 and 12.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory, and at beamline 11-1 at the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, with oscillation ranges of 0.2 to 0.3°at 100 K recorded on an ADSC Q315r detector or a Dectris Pilatus 6M detector. The diffraction data were reduced, scaled, and converted using the XDS Program Package (28) . Structure factors for the difference electron density maps were calculated using the phenix.refine component of the PHE-NIX software suite (29) . Antibiotics were modeled in the unbiased difference electron density maps obtained from each complex after molecular replacement. Changes to the rRNA structure were made using Coot (30), followed by individual atomic displacement parameter (ADP) refinement using phenix.refine. The restraint files for each antibiotic structure were generated using phenix.elbow of the PHENIX software suite.
Dalfopristin hydrolysis. DMSO stocks of dalfopristin and virginiamycin M 1 at 4 mM were dissolved in 0.01 M sodium phosphate buffer (pH 7.4) or in cation-adjusted Mueller-Hinton II (CAMH II) medium adjusted to pH 6.0 to yield a final concentration of 200 M target compound. The samples were prepared and monitored continuously for up to 24 h at 37°C. The hydrolysis of the target compounds was monitored via liquid chromatography-mass spectrometry (LC-MS) selected-ion monitoring (SIM) in electrospray ionization (ESI) ϩ and ESI Ϫ mode. The natural log of the area responses for dalfopristin and virginiamycin M 1 were plotted against time, and first-order kinetics were used to derive the halflife (t 1/2 ) of each compound.
Prehydrolyzed dalfopristin for antimicrobial assays and transcriptioncoupled translation assays was prepared by dissolving dalfopristin to a concentration of 2.5 mM in 50 mM ammonium acetate (pH 7.5) containing 30% DMSO. The hydrolysis of dalfopristin was performed over 24 h at 4°C.
Antimicrobial susceptibility testing. The MIC against each isolate was determined by the broth microdilution technique in accordance with the Clinical and Laboratory Standards Institute (CLSI) guidelines found in document M07-A9 (31) . The susceptibility breakpoint interpretations for reference compounds along with the quality control (QC) ranges for reference strains are described in CLSI document M100-S23 (32 (35) .
Transcription-coupled translation assay. Plasmid pKK3535 containing the E. coli rrnB operon encoding rRNA and a chloramphenicol resistance cassette was used for mutagenesis. U1782 and U2586 were mutagenized using the QuikChange kit from Agilent, and the sequence of the entire operon was verified by sequencing. E. coli SCB 53 cells, in which all endogenous rRNA genes were deleted and replaced by a pKK3535 plasmid with an ampicillin resistance cassette (36) , were transformed with the mutagenized pKK3535 plasmid. The cells were first grown in liquid culture supplemented with chloramphenicol and then plated on LB agar plates containing chloramphenicol. Successful plasmid shuffling was confirmed by the absence of growth on an LB agar plate containing ampicillin for single colonies picked from an LB agar plate supplemented with chloramphenicol.
Transcription-coupled translation assays were performed essentially according to Buurman et al. (37) . E. coli MRE600 cells were used to prepare wild-type S30 cell extract, as described previously (37) . Mutant E. coli S30 cell extract was prepared as wild-type extract but using an E. coli strain bearing a U1782C U2586C double mutant. For the transcription-coupled translation assay, the following reagents were used: reagent 1 consisted of 0.5 mM (each) ATP, CTP, UTP, and GTP (Chem-Impex International, Wood Dale, IL), 20 mM phosphoenolpyruvate (Chem-Impex International), 100 g/ml E. coli tRNA (Roche Diagnostics Corp., Indianapolis, IN), 20 g/ml folinic acid, 1 mM cyclic AMP (cAMP), 0.8 mM isopropyl-␤-D-thiogalactopyranoside (IPTG), 0.2 mM dithiothreitol (DTT), 30 mg/ml polyethylene glycol 8000, 0.5 mM (each) all 20 of the translated amino acids, 2 U/ml pyruvate kinase, and 40 g/ml pLH1824 reporter plasmid DNA; reagent 2 contained S30 extract prepared either from the E. coli MRE600 strain (Paragon Bioservices, Baltimore, MD) or from a mutant E. coli strain, as described above. The S30 extract was diluted to 2 mg/ml in S30 buffer consisting of 10 mM Tris-acetate (pH 7.4), 60 mM potassium acetate, and 14 mM magnesium acetate. Both reagents were allowed to preincubate at room temperature for 1 h.
To determine the 50% inhibitory concentrations (IC 50 s) of the streptogramins, the compounds were dissolved in DMSO to 2.5 mM and serially diluted 2-fold in DMSO. Hydrolyzed dalfopristin was dissolved in hydrolyzing buffer (see "Dalfopristin hydrolysis" above) and serially diluted in DMSO. The diluted compound (0.3 l) was added to 384-well white polystyrene assay plates (Corning, Inc., Lowell, MA) using the Bravo automated liquid handling platform (Agilent Technologies, Santa Clara, CA). To determine additive/synergistic effects between class A and B streptogramins, two experiments were carried out. In the first experiment, the effect of streptogramin B on the activity of streptogramin A was determined. Class A streptogramins were serially diluted and added to the assay plate using the Bravo platform, as described above. Subsequently, class B streptogramins dissolved in DMSO were added to the assay plate using the Echo liquid handler (Labcyte, Inc., Sunnyvale, CA) to yield a final concentration in the reaction mixture equal to their respective IC 50 values. In a second experiment, the effect of streptogramin A on the activity of streptogramin B was determined. Class A compounds were added to the assay plates using the Bravo platform to yield a concentration of their respective IC 50 values in the final reaction mixture. In a second step, serially diluted class B compounds (0.3 l) were added to the assay plate using the Echo liquid handler. Therefore, in the first experiment, the Bravo platform was used to deliver a serial dilution of the streptogramin A compound, whereas in the second experiment, the same platform was used to deliver the streptogramin A compound fixed at its IC 50 . For the percent inhibition calculations, luminescence intensity from the samples receiving the maximum dose of compounds were defined as 100% inhibition, and the samples with minimum dose of compounds were defined as 0% inhibition. The mean IC 50 values from a representative experiment performed in triplicate are shown with standard deviation ( Fig. 2B to H; see Tables S2 to S4 in the supplemental material).
After streptogramin compounds were added to the assay plate, 15 l of reagent 1 was added, followed by 15 l of reagent 2. The plate was then briefly shaken in an Eppendorf MixMate plate shaker. The plates were sealed with foil and incubated at room temperature for 30 min, avoiding temperature fluctuation. Subsequently, 15 l of luciferin developer consisting of 0.4 M lithium salt of coenzyme A (Sigma), 0.7 M D-luciferin (Gold Biotechnology, St. Louis, MO), 0.8 M ATP, 20 mM Tricine (pH 7.8), 1 mM magnesium carbonate, 0.1 mM EDTA, 2.3 mM magnesium sulfate, and 33 mM DTT was added, and light production was measured immediately using a PHERAstar plate reader (BMG Labtech, Ortenberg, Germany).
Isothermal titration calorimetry. Isothermal titration calorimetry was performed in a MicroCal Auto-iTC200 system (GE Healthcare). Purified E. coli 70S ribosomes were dialyzed against 20 mM Tris HCl (pH 7.5), 60 mM NH 4 Cl, 6 mM MgCl 2 , 0.5 mM EDTA, and 2 mM Tris(2-carboxyethyl)phosphine (TCEP) at 4°C either without or in the presence of 1.5 equivalent dalfopristin or flopristin in the dialysis buffer. Quinupristin or linopristin (39 M) dissolved in dialysis buffer was titrated into the cell containing 2.2 to 3.9 M 70S ribosome either alone or in the presence of dalfopristin or flopristin, with a first injection of 0.5 l volume, followed by 12 injections of 3.1 l volume at 4°C.
PDB accession codes. The coordinates and structure factors for 70S ribosomes bound to streptogramin antibiotics were deposited in the Protein Data Bank (PDB). There are four entries for each complex. The electron density maps of the first ribosomes are better than those of the second ribosome in the asymmetric unit. Therefore, entries for the subunits of the first ribosome are of better quality than those of the second ribosome. The codes are 4TP8, 4TP9, 4TPA, and 4TPB (dalfopristin and quinupristin 
RESULTS
NXL 103 has been shown to be more potent than Synercid against a variety of Gram-positive pathogens and H. influenzae (8, 38) . In order to shed light on the increased activity of NXL 103 versus that of Synercid, we solved crystal structures of the 70S E. coli ribosome in complex with either Synercid or NXL 103, or their individual components, at 2.8-to 3.0-Å resolution (see Table S1 in the supplemental material). Positive difference electron density was observed in an unbiased F obs Ϫ F calc map for both the streptogramin A and B components. The chemical structures of streptogramin A and B were modeled into the electron density, thereby unambiguously identifying their locations, orientations, and conformations ( Fig. 1C and D Binding mode of Synercid. Dalfopristin binds to the large ribosomal subunit at the entrance of the exit tunnel to a hydrophobic pocket (Fig. 1A) . The macrolactone ring stacks under the bases of G2061 and A2451, thereby forming favorable hydrophobic interactions between its aliphatic stretch (C-9 to C-12) and the base of G2061, as well as between its oxazole group and the base of A2451. Upon binding of the streptogramin pair, the base of A2062 moves toward the streptogramin A molecule to form stacking in-teractions with both streptogramin A and B (Fig. 1C) . As a result, the amide bond of dalfopristin stacks on the base of A2062. The streptogramin-induced movement of A2062 positions the 2=-OH group of A2062 to form a hydrogen bond with the amide oxygen of dalfopristin (Fig. 1C) . Furthermore, the carbonyl oxygen of C-6 and C-26 each form a hydrogen bond with the exocyclic amino group of G2061, and the only hydroxyl group of dalfopristin forms a hydrogen bond with the nonbridging phosphate oxygen of G2505. The structure reveals that acetylation of the C-13 hydroxyl group, a known resistance mechanism (39), would interfere with dalfopristin binding by steric hindrance.
Quinupristin, the streptogramin B component of Synercid, binds to the large ribosomal subunit at the entrance of the exit tunnel adjacent to dalfopristin (Fig. 1A and C) . The hydroxypicoline group of quinupristin stacks on the opposite face of the base of A2062 compared to dalfopristin. This positions the base of A2062 to form two hydrogen bonds with quinupristin, between the N-1 and N-6 of A2062 and the N-16 amide nitrogen and the C-14 carbonyl oxygen of quinupristin, respectively (Fig. 1C) . These contacts and favorable stacking interactions are likely disrupted by an A2062C mutation found in S. pneumoniae, which confers resistance to streptogramins and macrolides (40) . Quinupristin stacks with its aliphatic stretch comprising atoms C-17 to C-19, including its C-19 methyl group on the base of U2586, and also with its phenyl group under the ribose of U2609. The dimethylaminophenyl group of quinupristin stacks on the edge of A2058. This hydrophobic interaction is likely crucial for streptogramin B binding, since A2058 N6 methylation by erm methyltransferases and mutation of A2058 to either G, U, or C leads to streptogramin B-resistant phenotypes in Helicobacter pylori (41) and E. coli (42) .
The binding of Synercid to the large ribosomal subunit causes dramatic structural rearrangements in the peptidyl transferase center (PTC). In the vacant E. coli ribosome, the base of U2585 reaches into the entrance of the exit tunnel to a position that is occupied by the lactone group of dalfopristin when Synercid is bound. The binding of Synercid causes nucleotide U2585 to flip roughly 160°away from the peptidyl transferase center. In this alternate conformation, the O-4 of U2585 coordinates a magnesium ion, which in turn coordinates one nonbridging phosphate oxygen of each of the two proceeding residues, U2584 and G2583 (Fig. 1E ). This magnesium ion, which is not present in the vacant ribosomal structure, and the base flip of U2585 force the G2583·U2506 wobble base pair to break and nucleotide U2506 to move out of the plane of the G·U base pair. Although the vacant archaeal H. marismortui 50S ribosomal subunit and vacant E. coli 70S ribosomal structures differ in the positioning of A2503 in the exit tunnel when either virginiamycin M or both virginiamycin M and virginiamycin S are bound, A2503 and A2062 assume identical positions in the H. marismortui 50S subunit (22, 24) , compared to their positions observed in the E. coli ribosome bound to Synercid.
Binding mode of NXL 103. Flopristin binds to the same site as dalfopristin and adopts similar hydrophobic interactions and hydrogen bonding patterns with the ribosome. Flopristin differs from dalfopristin by a fluorine atom bonded to an sp 3 hybridized C-15 carbon, which is a carbonyl group in dalfopristin. Neither the carbonyl of dalfopristin nor the fluorine of flopristin are within hydrogen bonding distance of the ribosomal components. Despite the highly similar binding modes of dalfopristin and flopristin, the absence of the diethylaminoethylsulfonyl group in flopristin (Fig. 1B) has a dramatic effect on the conformation of the peptidyl transferase center (PTC). Unlike the binding of Synercid, NXL 103 causes nucleotide U2585 to flip only by about 45°and its base to rotate by ϳ90°compared to the vacant 70S ribosomal structure (Fig. 1E) . This conformational change causes the G2583·U2506 wobble base pair to break. U2506 flips out of the plane of the G·U wobble base pair and clamps together U2583 to G2585 by an intricate network of hydrogen bonds, thereby stabilizing this alternate conformation of the PTC (Fig. 1F) . Interestingly, if the complex of dalfopristin bound to the E. coli 70S is crystallized under conditions that favor the hydrolysis of the diethylaminoethylsulfonyl group, U2585, U2584, and G2583 together with their base pairing partners assume a conformation identical to that seen in the complex with flopristin (Fig. 1E) .
Linopristin, the streptogramin B component of NXL 103, binds to the same site as its counterpart quinupristin of Synercid and maintains all of the hydrophobic interactions and hydrogen bonding interactions with A2062. Linopristin differs from quinupristin by the replacement of the quinuclidinylthiomethyl group in quinupristin with a methylmorpholine group in linopristin (Fig. 1B) . The morpholine of linopristin does not penetrate the exit tunnel as far as the quinuclidinyl group of dalfopristin, and it forms a hydrogen bond to the ε-amino group of lysine 90 in ribosomal protein L22, which in turn forms an additional hydrogen bond with a nonbridging phosphate oxygen of U747. In the vacant ribosomal structure, K90 forms a salt bridge with a nonbridging phosphate oxygen of U747, and in the quinupristin structure, the quinuclidinyl group displaces the side chain of K90, thereby disrupting its interaction with U747 (Fig. 1G) . Interestingly, when linopristin alone is bound to the ribosome, the morpholine group no longer forms a hydrogen bond to K90, and furthermore, A2058 and A2059 move apart by 1 Å. The dimethylaminophenyl group of linopristin moves over the newly formed gap and no longer stacks on the edge of A2058 (see Fig. S2 in the supplemental material). This suggests that the binding mode of linopristin shifts due to the presence of the streptogramin A component.
The structures of Synercid and NXL 103 and their individual components (except for linopristin alone) reported here superimpose within the limits of coordinate error with virginiamycin M ϩ S bound to the H. marismortui 50S ribosomal subunit (22, 24) , whereas the present structures differ from those reported for Synercid bound to the D. radiodurans 50S ribosomal subunit (23) . For example, the macrolactone rings of both the streptogramin A and B components in the D. radiodurans 50S subunit are shifted to different extents with respect to their counterparts in the structures reported here and in the H. marismortui 50S subunit structures. In the D. radiodurans 50S subunit, both the pyrrolidine and oxazole groups of the streptogramin A component are displaced compared to their counterparts in the E. coli and H. marismortui structures. Further, A2062 assumes a different conformation in the D. radiodurans context and therefore fails to stack on the amide group of streptogramin A and the hydroxypicoline group of streptogramin B. Finally, the dalfopristin-specific diethylaminoethylsulfonyl group and U2585 in the D. radiodurans structure assume different conformations compared to the structure of Synercid bound to the E. coli 70S ribosome. The observed differences between the Synercid structures of E. coli and D. radiodurans might be due to the fact that the ribosomes are from divergent bacterial species or due to the low resolution of the D. radiodurans structure (3.4 Å) compared to the resolutions of the present struc-tures (see Table S1 in the supplemental material). Given the similarity of the present E. coli structures with those of the H. marismortui 50S subunit, the binding mode of Synercid and the associated conformational changes in the ribosome observed here probably reflect the relevant structures for understanding streptogramin interactions with ribosomes in pathogenic bacteria.
Dalfopristin hydrolysis. Dalfopristin has been reported to hydrolyze rapidly to virginiamycin M under physiological conditions (11) . In order to estimate the effects of dalfopristin hydrolysis on its potency, we first determined the hydrolysis rate of dalfopristin at pH 7.4 and pH 6.0 using mass spectrometry (see Fig. S4 in the supplemental material). Dalfopristin hydrolyzes to virginiamycin M with a half-life (t 1/2 ) of about 11 min at pH 7.4 and 77 min at pH 6.0. The hydrolysis product virginiamycin M is very stable at pH 7.4, with a half-life of about 45 h. The antimicrobial assays performed in this study ran over the course of 16 to 24 h; thus, the effect of dalfopristin in these experiments can be attributed to its hydrolysis product virginiamycin M. The transcription-coupled translation assays lasted 30 min at pH 7.5 and, therefore, substantial hydrolysis of dalfopristin has occurred by that point. However, due to the shorter time frame of the transcription-coupled translation assays, the activity of dalfopristin can in part be attributed to its unhydrolyzed form.
Antimicrobial activities of streptogramin antibiotics. In order to determine the antimicrobial activities of streptogramin antibiotics on living cells, the MICs were determined by growing different Gram-positive and Gram-negative pathogens in the presence of different concentrations of streptogramin antibiotics. The MICs for streptogramin antibiotics were generally in the low g/ml range, with the exception of streptogramin B in Gramnegative species and streptogramin A in E. faecalis. The streptogramin B antibiotics quinupristin and linopristin had very little to no effect on growth of the Gram-negative pathogens E. coli and H. influenzae, which is likely due to the inability of these antibiotics to permeate the outer cell membrane; this is in agreement with previous results (43) . E. faecalis showed MICs of 64 g/ml toward streptogramin A antibiotics, likely due to its lsa gene, which encodes a putative ABC transporter leading to streptogramin A efflux (44) . In all other bacterial strains tested, flopristin showed higher activity than dalfopristin, and linopristin showed equal or lower activity than quinupristin (Table 1) . For all strains, the MIC values for dalfopristin administered in its prehydrolyzed form were within 2-fold of the MIC values of virginiamycin M, which is chemically identical to the hydrolysis product of dalfopristin.
We also used a checkerboard assay to evaluate the synergy of Synercid and NXL 103 in E. coli, E. faecalis, and S. aureus. The streptogramin components of Synercid and NXL 103 did not show a synergistic mode of action in E. coli. This finding is expected, since individually, quinupristin and linopristin did not affect bacterial growth even at the highest concentrations tested (Table 1) . A synergistic mode of action was observed for Synercid and NXL 103 in E. faecalis, with a lower mean fractional inhibitory concentration (FIC) index for NXL 103 than that for Synercid (Table 2 ). For Synercid, synergy was observed at three different concentration pairs, whereas for NXL 103, synergy was observed for six different concentration pairs (Table 2 ). In S. aureus, greater synergy was observed for both Synercid and NXL 103 than for E. faecalis, as judged by their lower mean FIC index values for all combinations that led to synergy. Furthermore, in S. aureus, synergy occurred at lower streptogramin concentrations than those in E. faecalis for both Synercid and NXL 103 (Table 2 ). Taken together, these results show that NXL 103 generally exhibits a higher degree of synergy than Synercid in the context of a given bacterial strain.
Effects of streptogramin antibiotics in transcription-coupled translation assays. We used an E. coli-based transcriptioncoupled translation assay to determine the inhibitory effects of streptogramin antibiotics on actively translating ribosomes. Although the translation assay employed cell extracts from the Gram-negative organism E. coli and Synercid is indicated for the Gram-positive pathogens S. aureus and S. pyogenes, only one major sequence difference occurs for residues within a radius of 10 Å of the ribosomal binding sites of both streptogramins in a range of Gram-negative and Gram-positive pathogens ( Fig. 2A ; see also Fig. S5 in the supplemental material) . In many Gram-negative pathogenic bacteria, including E. coli, the streptogramin B binding pocket includes a U-U base pair at position 1782-2586, whereas this base pair is a C-C base pair in many Gram-positive pathogenic bacteria, including S. aureus and S. pyogenes ( Fig. 2A) . Apart from this difference, changes further away from the binding pockets include unpaired U1781, which is found to be a G in B. subtilis, Bacillus anthracis, and Listeria monocytogenes and a C in Clostridium difficile and Propionibacterium avidum, and three canonical W-C base pairs (744 -753, 2070 -2441, and 2067-2443) that are different canonical W-C base pairs in different pathogens (see also Fig. S5 ). However, all these changes are located in the second or third shell of the binding site and do not immediately constitute the streptogramin-binding pocket. Notably, the crystal structure of the H. marismortui 50S reveals that a G at position 1781 does not change the geometry of the U1782-U2586 base pair (45) . From this alignment, we conclude that the only difference between Gram-negative and Gram-positive pathogens and more specifically between E. coli and S. aureus/S. pyogenes that might impact streptogramin activity is the U1782C U2586C double mutation in the streptogramin B binding site (see Fig. S6 in the supplemental material). In order to account for the rRNA sequence differences between Gram-positive and Gram-negative pathogens, a mutant E. coli strain was constructed containing a C1782-C2586 base pair instead of a U-U base pair in the streptogramin B binding pocket to prepare a transcription-coupled translation extract.
We measured the concentration of the individual streptogramin A and B components that cause 50% inhibition of translation (IC 50 ) in transcription-coupled translation assays in the context of wild-type (U-U) and mutant (C-C) streptograminbinding pockets. Wild-type and mutant E. coli TT assays were performed with the streptogramin B compounds linopristin and quinupristin and the streptogramin A compounds flopristin, unhydrolyzed dalfopristin, virginiamycin M, and prehydrolyzed dalfopristin. Flopristin has an IC 50 of 130 nM and is the compound with the highest activity in wild-type TT assays ( Fig. 2B ; see also Table S2 in the supplemental material). Notably, dalfopristin preincubated in buffer at pH 7.5 and therefore hydrolyzed to virginiamycin M has an IC 50 of 192 nM, nearly identical to that of authentic virginiamycin M (IC 50 of 182 nM), as expected. In contrast, unhydrolyzed dalfopristin is about 2.6-fold-less active than hydrolyzed dalfopristin ( Fig. 2B ; see also Table S2 in the supplemental material). This indicates that the diethylaminoethylsulfonyl group in dalfopristin is detrimental for activity. The activities of all streptogramin A antibiotics were also tested in the context of the Gram-positive streptogramin-binding site using the mutant (C-C) cell extract. The mutant extract yielded comparable activities to that of the wild-type E. coli extract, indicating that the U1782C U2586C double mutation does not affect streptogramin A activity. In contrast, the activity of linopristin increased 1.9-fold in the mutant (C-C) extract compared to in the wild-type (U-U) extract, and the activity of quinupristin increased 1.5-fold. Interestingly, linopristin and quinupristin have more similar activities to each other in the C-C extract than in the U-U extract ( Fig. 2B ; see also Table S2 ).
To test whether streptogramin antibiotics have synergistic activity on ribosomes translating a natural mRNA in a transcriptioncoupled translation assay, we determined the IC 50 values of the streptogramin A antibiotics in the presence of a streptogramin B antibiotic at its IC 50 , and vice versa, using a luciferase reporter mRNA. The IC 50 values of flopristin and virginiamycin M in the presence of either quinupristin or linopristin at their respective IC 50 values decrease only marginally in the wild-type (U-U) extract. In contrast, the IC 50 of unhydrolyzed dalfopristin decreases substantially in the presence of quinupristin or linopristin at their IC 50 values ( Fig. 2C ; see also Table S3 in the supplemental material), representing an increase in dalfopristin activity up to 3.7-fold in the presence of linopristin. In the context of the Grampositive (C-C) streptogramin-binding site, the activity change of either flopristin or virginiamycin M in the presence of either of the streptogramin B compounds is negligible ( Fig. 2D ; see also Table  S3 ). Furthermore, in the context of the Gram-positive streptogramin-binding site, dalfopristin potency increases only 1.6-fold in the presence of linopristin and only 1.2-fold in the presence of quinupristin at their respective IC 50 values, a substantially less pronounced effect than in the Gram-negative system ( Fig. 2C and  D ; see also Table S3 ).
In the converse experiments, we held the streptogramin A component at its IC 50 and varied the concentration of the streptogramin B component. In the context of the U-U streptogramin B binding site, the IC 50 of either linopristin or quinupristin in the presence of flopristin or virginiamycin M remained unchanged compared to the IC 50 of the respective streptogramin B antibiotic alone ( Fig. 2E and F ; see also Table S4 in the supplemental material). In contrast, the IC 50 of linopristin decreased 4.5-fold in the presence of unhydrolyzed dalfopristin at its IC 50 ( Fig. 2E ; see also Table S4 ). Furthermore, the IC 50 of the other streptogramin B, quinupristin, decreased only 2.1-fold in the presence of unhydrolyzed dalfopristin at its IC 50 ( Fig. 2F ; see also Table S4 ). In the context of the C-C streptogramin-binding site, the IC 50 values of linopristin ( Fig. 2G ; see also Table S4 ) and quinupristin ( Fig. 2H ; see also Table S4 ) alone remained unchanged compared to their IC 50 values in the presence of either flopristin or virginiamycin M. The IC 50 s of both linopristin and quinupristin decreased in the presence of unhydrolyzed dalfopristin at its IC 50 in the context of the C-C streptogramin-binding site, but the decreases were less pronounced compared to those observed with the U-U streptogramin-binding site ( Fig. 2G and H versus E and F, respectively; see also Table S4 ). We also analyzed the effects of prehydrolyzed dalfopristin alone, which is chemically equivalent to virginiamycin M, as well as in combination with either of the two streptogramin B components, quinupristin or linopristin. The results show that prehydrolyzed dalfopristin behaves similarly to virginiamycin M, with slight differences likely due to differences in the antibiotic stock solution compositions (see Materials and Methods). Taken together, these results reveal that neither of the streptogramin A compounds flopristin and virginiamycin M or the streptogramin B compounds quinupristin and linopristin influence their respective IC 50 values in either the Gram-negative or Grampositive streptogramin-binding site contexts. However, the IC 50 of dalfopristin is significantly lower in the presence of either linopristin or quinupristin than by itself, especially in the context of the Gram-negative (U-U) streptogramin-binding site ( Fig. 2C and D; see also Table S3 in the supplemental material). The IC 50 values of linopristin and quinupristin also drop in the presence of dalfopristin ( Fig. 2E and F ; see also Table S4 in the supplemental material). The effects in the context of the Gram-positive (C-C) streptogramin-binding site are not as strong but are still observed ( Fig. 2G and H ; see also Table S4 ). Dalfopristin and virginiamycin M are chemically identical except for the presence of the additional sulfonyl group in dalfopristin. The results described here indicate that this bulky sulfonyl group in dalfopristin is detrimental to dalfopristin activity, as evidenced by the reduced activity of dalfopristin compared to that of virginiamycin M. However, the sulfonyl group leads to some degree of synergy between dalfopristin in the presence of a streptogramin B component on actively translating ribosomes.
Binding affinities of streptogramin antibiotics to vacant 70S ribosomes. We also investigated whether the dissociation constant of streptogramin B to the isolated E. coli vacant 70S ribosome is affected in the presence of saturating concentrations of streptogramin A. We determined the dissociation constant of either quinupristin or linopristin alone or in the presence of dalfopristin or flopristin, respectively, using isothermal titration calorimetry (ITC). Quinupristin alone binds to the 70S ribosome with a K d of 44 Ϯ 21 nM, and its affinity for the ribosome increases about 6-fold in the presence of dalfopristin (Table 3; see also Fig. S7 and  Table S5 in the supplemental material). In these experiments, performed at pH 7.5, dalfopristin was present in its hydrolyzed form. Similarly, the affinity of linopristin for the ribosome increases Ͼ3-fold when the ribosome was preincubated with flopristin (Table 3;  see also Fig. S7 and Table S5 ). These results show that the affinity of the streptogramin B component increases in the presence of the streptogramin A component, as observed previously (20, 21) . The crystallographic structures of the complexes of either dalfopristin or flopristin alone bound to the E. coli ribosome reveal that the base of A2062 has already moved by 2 Å to stack on the amide of the streptogramin A component, and that subsequent binding of streptogramin B results in only a small shift of A2062 in the plane of its nucleobase to maximize stacking interactions (see Fig. S3 in the supplemental material). Since large areas of the streptogramin B component do not interact with the ribosome directly, the prepositioning of A2062 due to streptogramin A binding likely leads to a more defined and rigid binding pocket for subsequent streptogramin B binding (22, 24) .
DISCUSSION
Here, we assessed the activities of streptogramin combinations and their individual components in a transcription-coupled translation assay and determined the binding mode of both streptogramin combinations in a common system, the Gram-negative E. coli ribosome. Prior studies demonstrated that NXL 103 displays higher antimicrobial activity than that of Synercid; it further showed that flopristin, the individual streptogramin A component of NXL 103, showed higher activity than that of the corresponding streptogramin A in Synercid, dalfopristin. In contrast, the activity of linopristin, the streptogramin B component of NXL 103, showed varied activity compared to that of quinupristin, the corresponding streptogramin B in Synercid. From these studies, it was concluded that the higher activity of NXL 103 versus that of Synercid is based on its streptogramin A component, flopristin (6) (7) (8) (9) 38) . Our antimicrobial and biochemical investigations confirm that flopristin is consistently more active than virginiamycin M or prehydrolyzed dalfopristin, whereas linopristin either displays similar or reduced activity compared to that of quinupristin.
The rapid hydrolysis of the diethylaminoethylsulfonyl group in dalfopristin to virginiamycin M at physiological pH, with a halflife of 11 min, indicates that this group is not the basis for the decreased antimicrobial activity of dalfopristin compared to that of flopristin, due to the duration of the experiment. However, our studies reveal that hydrolyzed dalfopristin or virginiamycin M bound to the ribosome is structurally essentially identical to flopristin and that neither the fluorine in flopristin nor the carbonyl group present in hydrolyzed dalfopristin are positioned in such a way so as to interact with the ribosome. Thus, differences in the biochemical and antimicrobial activities of flopristin ( Fig. 2 and Table 1; see also Table S1 in the supplemental material) compared to those of virginiamycin M are not structurally observable but likely depend on energetic and kinetic parameters of translation.
Since Synercid is used to treat infections caused by Gram-positive species, we investigated differences in the constitution of both the streptogramin A and B binding pockets of the Gram- negative E. coli compared to those of pathogens treated by Synercid and to that of B. subtilis. The sequence alignment of all 23S rRNA residues within 10 Å of the bound streptogramin components reveals one major difference: in Gram-negative pathogens, a U-U base pair is found at position 1782-2586, whereas it is a C-C base pair in most Gram-positive pathogens. This indicates that a U1782C U2586C double mutation in the E. coli system would mimic a Gram-positive-like system in terms of its streptograminbinding site. While the activities of streptogramin A components are identical in wild-type and mutant translation extracts, the activities of linopristin and quinupristin increased in the context of the Gram-positive versus the Gram-negative binding site. The increased activity of streptogramin B components seems surprising at first, since the base pairing geometry and the hydrogen bonding pattern in a C-C base pair are retained with respect to a U-U base pair (see Fig. S8 in the supplemental material). However, more favorable dipole-dipole interactions between the streptogramin B component and the C-C base pair compared to a U-U base pair may rationalize the observed increased activity of streptogramin B components to ribosomes with a C-C pair at position 1782-2586 (46) . The streptogramin B component positions its amide group at position 17, directly under the nucleobase of nucleotide 2586. This amide group has a dipole moment that is positioned at about 50°with respect to the dipole moment of the uracil base of 2586. However, a cytosine base at position 2586 results in a dipole moment at about 130°with respect to the dipole moment of the streptogramin B amide group. Further, cytosine bases have a larger dipole moment compared to uracil bases (see Fig. S8 in the supplemental material) (46) , which further favors positive attractions between the streptogramin B component and a cytidine at 2586. These findings may explain the increased activities of streptogramin B components observed in transcription-coupled translation assays utilizing cell extract from an E. coli strain bearing a C-C base pair at position 1782-2586, which mimics the streptogramin-binding site in Gram-positive pathogens. Streptogramin antibiotics are known for their synergistic mode of action, as in vitro and in vivo studies revealed that the activity of a streptogramin combination exceeds the sum of the activities of the individual components (13) (14) (15) . Our in vitro studies showed the synergistic effect of NXL 103 and Synercid in Gram-positive pathogens (Table 1) , with a higher degree of synergy for NXL 103 versus Synercid in S. aureus and E. faecalis, as judged by their mean FIC indices ( Table 2 ). The increased binding affinities of streptogramin B in the presence of streptogramin A compared to those of streptogramin B alone were previously suggested to confer a synergistic effect on a molecular level (20, 21) . However, these studies used purified empty ribosomes, which may not reflect actively translating ribosomes. Furthermore, the binding affinity of antibiotics to their target may not be directly correlated with their activity.
Only one study has been published that demonstrated some degree of synergy for the combination of virginiamycin M and virginiamycin S using a translation system derived from B. subtilis (19) . Using transcription-coupled translation assays with cell extract from either a wild-type E. coli strain or an E. coli mutant strain bearing the U1782C U2586C double mutant, we found that no synergy occurs for any streptogramin combination in either extract, with the exception of combinations that include dalfopristin. Therefore, since no general synergistic effects were observed in either U-U-or C-C-based transcription-coupled translation systems but were observed in antimicrobial assays, the synergistic effect of streptogramin components likely occurs independent of protein synthesis. Future experiments will be required to dissect the basis for streptogramin synergy in cells.
In translation extracts, the only synergy that we were able to observe occurred with streptogramin combinations in which one of the components is dalfopristin containing its diethylaminoethylsulfonyl group. However, the diethylaminoethylsulfonyl group reduces the activity of dalfopristin by Ն2.8-fold compared to that of virginiamycin M, the hydrolysis product of dalfopristin. As the transcription-coupled translation assay is run at pH 7.4 for 30 min, during which time extensive hydrolysis of dalfopristin will have occurred, it is likely that the activity for completely unhydrolyzed dalfopristin is even lower. Thus, while the detrimental effect of the diethylaminoethylsulfonyl group of dalfopristin can be overcome by synergy in the presence of a streptogramin B compound, it will likely be necessary to employ an analogue of dalfopristin with a nonhydrolyzable group instead of the diethylaminoethylsulfonyl group, so long as the size of this added group does not severely impact dalfopristin activity.
